AM. Krüppel-like factor 4 is a radioprotective factor for the intestine following ␥-radiation-induced gut injury in mice.
RADIATION IS WIDELY USED as a therapeutic treatment in almost two-thirds of all patients with cancer. The effects of this treatment include extensive DNA damage followed by apoptosis especially to the cells that undergo extensive proliferation, e.g., cancer cells and normal tissues [hematopoietic cells and epithelial cells of the gastrointestinal (GI) tract]. In a murine model of ␥-radiation-induced gut injury, it has been shown that, in mice exposed to Յ8 Gy, the response is characterized by apoptosis of cells within crypt of intestinal epithelium and shortening of the villi compartment that is followed by complete recovery. At the same time radiation of Ն 12 Gy causes death within 2 wk of treatment attributable to extended damage to intestinal epithelium, especially stem cells that cannot be rescued by any treatment (23, 26, 36, 54) . Considering the high toxicity of the radiation treatment to the GI tract, studies revealing mechanisms that regulate the GI response to injury following irradiation are extremely beneficial. Because radiation causes DNA damage, the mechanisms that regulate the DNA damage response through cell-cycle arrest, damage repair, and apoptosis play a significant role in the cell response to injury. It has been shown that p53 is the main mediator of the cell response to DNA damage by involving mechanisms that contribute to cell-cycle arrest or death in epithelial tissues. The upregulation of p53 activity upon irradiation can lead to apoptosis through activation of p53-upregulated modulator of apoptosis or cell-cycle arrest and DNA repair through increased activity of cyclin-dependent kinase inhibitor p21 protein (p21) (23) . The activity of p21 upon DNA damage is transcriptionally regulated by p53 and leads to inhibition of G1-to-S-phase transition of the cell cycle. It has been shown that the response of p53-deficient mice to radiation is characterized by inhibition of apoptosis, acceleration of proliferation, and increased animal lethality (27) . In contrast, p21 knockout mice show lack of cell-cycle arrest, reduced DNA repair that leads to accumulation of DNA damage, reduced chromosomal integrity (29) , enhanced crypt survival (18) , and better mice survival than p53-deficient mice (29) . In wild-type mice, the small intestinal epithelium exhibits a compensatory regenerative response that contributes to repopulation of the epithelium following radiation-induced injury (45) . This response is designated by several consequential phases of upregulation and reduction of proliferation within the lower and upper part of the crypt of the intestinal epithelium. Despite these extensive studies, the mechanisms underlying protection of an intestinal niche from irradiation are not very well understood, and the potential regulators of p53 response to injury are not clearly identified.
The Krüppel-like factor (KLF) family of zinc-finger domaincontaining transcription factors plays important roles in regulating a diverse range of cellular processes, including cellular proliferation, differentiation, reprogramming, and the cellular response to oncogenic signals and ionizing radiation (38) . KLF4 is expressed in the villous compartment of the small intestinal epithelium and promotes cellular differentiation (37) . Previously, we reported that KLF4 is an important factor in mediating the response of cells to stress following acute radiation exposure in vitro (19) . We demonstrated that KLF4 exhibits antiapoptotic activity in vitro in response to ␥-irradiation, via inhibition of p53-mediated apoptotic pathway. This occurs in conjunction with arrest of the cell cycle at the G 1 /S and G 2 /M transitions through the upregulation of the cyclindependent kinase inhibitor p21. More recently, we established an in vivo model with intestine-specific deletion of Klf4 and showed that Klf4 plays an important role in the regulation of homeostasis within intestinal epithelium (20) .
In this study, we investigated the role of Klf4 in the response of small intestinal epithelium to radiation-induced injury in a mouse model. We used previously described mice with floxed Klf4 gene (Klf4 fl/fl ) and intestine-specific Klf4 knockout mice (Klf4 ⌬IS ) (20) and evaluated their response to total-body irradiation of 12 Gy. Our data indicate that Klf4 acts to inhibit apoptosis and enhance crypt cell regeneration of the small intestine following ␥-radiation-induced injury. Consequently, mice with intestinal epithelium-specific deletion of Klf4 had a higher mortality than control mice following irradiation. The results of this study suggest that Klf4 protects against radiation-induced gut injury in the mouse.
MATERIALS AND METHODS
Mouse strains and maintenance. Mice with floxed Klf4 gene (Klf4 fl/fl ) and intestine-specific Klf4 deletion (Klf4 ⌬IS ) were previously described (20) . Klf4
⌬IS were generated by crossing Klf4 fl/fl with mice carrying a gene encoding Cre under the control of villin promoter. All animal studies were approved by the Stony Brook University Institutional Animal Care and Use Committee (IACUC).
␥-Irradiation procedure. Mice were exposed to total-body ␥-irradiation with a 137 Cs source, with a dose rate of 0.8 Gy/min, for a total of 12 Gy. Another group of mice (sham) were placed in the room without being exposed to irradiation. Animals were either observed for survival postirradiation or were killed by CO 2 asphyxiation followed by cervical dislocation at set times after irradiation, and the small intestine was removed for further analysis. For the survival experiment, we used the moribund state as the experimental endpoint, defined as an animal that lost more than 15% of its body weight and was unresponsive and immobile. For this purpose, the animals were monitored daily for body posture, eye appearance, and activity level. Animals reaching the moribund state were killed as mentioned above.
Tissue preparation. The small intestines harvested from killed mice were flushed with modified Bouin's fixative (50% ethanol, 5% acetic acid) and cut open longitudinally for gross examination. The intestines were then Swiss rolled, fixed, and embedded in paraffin, and 5-mm sections were cut for histological hematoxylin and eosin (H and E) characterization and for immunofluorescence staining. H and E staining was performed by the Research Histology Core Laboratory, Department of Pathology, Stony Brook University.
Immunofluorescence and immunohistochemistry. For immunostaining, sections were deparaffinized in xylene, incubated in 3% hydrogen peroxide in methanol for 30 min, rehydrated in ethanol gradient, and then treated with 10 mM Na citrate buffer, pH 6.0, at 120°C for 10 min in a pressure cooker [except for lipopolysaccharidebinding protein (LBP) staining for Paneth cells, where antigen retrieval was at 120°C for 1 min]. The histological sections were incubated with a blocking buffer [5% nonfat dry milk and 0.01% Tween 20 in 1ϫ Tris-buffered PBS (TTBS)] for 1 h at room temperature. Sections were then stained using goat anti-KLF4 (1:300; R and D Systems), rabbit anti-cleaved caspase-3 (1:500; R and D Systems), rabbit anti-p53 (1:200; Leica Microsystems), rabbit monoclonal anti p21, rabbit anti-Ki67 (1:500; Biocare Medical), rabbit antiphosphorylated histone H2AX (␥H2AX) (1:100; Cell Signaling), and goat anti-LBP (1:200; Santa Cruz Biotechnology) at 4°C overnight. Washes were done using TTBS, and detection of primary antibodies for immunofluorescence (IF) was carried out using appropriate Alexa Fluor-labeled secondary antibodies (Molecular Probes) at 1:500 dilutions in 3% BSA in TTBS for 30 min at 37°C, counterstained with Hoechst 33258 (2 g/ml) (propidium iodide counterstain for ␥H2AX), mounted with Prolong gold (Molecular Probes), and coverslipped. For Klf4 and p21 detection by IF, secondary unconjugated rabbit anti-goat antibody (Jackson Immuno Research) and bovine anti-rabbit (Novus Biologicals), respectively, were added at 1:300 dilution in 3% BSA in TTBS for 30 min at 37°C. After being washed, goat anti-rabbit Alexa Fluor 548-labeled (Molecular Probes) and goat anti-bovine 548-labeled (Jackson Immuno Research) tertiary antibody were then added, respectively, at 1:500 dilutions in 3% BSA in TTBS for 30 min at 37°C, followed by counterstaining and mounting as described above. For LBP, horseradish peroxidase-conjugated secondary antibody was used at 1:500 dilution. Color was developed using substrate-chromogen solution, counterstained with hematoxylin, and then mounted. Images were acquired using a Nikon Eclipse 90i microscope (Nikon Instruments) equipped with DS-Qi1Mc and DSFi1, CCD cameras (Nikon Instruments). Representative images for ␥H2AX staining were captured using Zeiss 510 Meta NLO confocal microscope (Zeiss).
Senescence-associated endogenous ␤-galactosidase activity. Freshly isolated intestines were fixed in 4% paraformaldehyde in PBS for 15 min at room temperature and then immersed in 30% sucrose in PBS at 4°C overnight. The intestines were then embedded in optimal cutting temperature compound and frozen. Frozen sections were cut, placed on glass slides, and stained for endogenous ␤-galactosidase (␤-gal) activity using Senescence Cells Histochemical Staining Kit (Sigma) according to the manufacturer's recommendations. Blue color development was done by incubating the slides in staining mixture at 37°C without CO 2 for 9 h and washed in running tap water. The slides were then counterstained with Nuclear Fast Red, washed in running tap water, mounted with Prolong gold (Molecular Probes), and coverslipped.
Cell and crypt scoring. Cells showing immunoreactivity for cleaved caspase-3, Klf4, Ki67, p53, and ␥H2AX were counted and scored within the crypts of the small intestine. The numbers were either presented as total positive cells counted per crypt or were first normalized to the total number of cells per crypt and then presented as a ratio of positively stained cells to total number of cells in the crypt. To account for differences in crypt depth at different time points following irradiation, the crypt for every time point was identified as the region of the intestine staining positive for Ki67. A minimum of 20 crypts was counted from each mouse in every group. For Ki67-positive crypts and for Paneth cells, the number of crypts showing immunoreactivity for Ki67 and LBP, respectively, was scored per field at ϫ100 magnification. The number of Ki67-positive crypts per millimeter of length was counted. A minimum of 10 fields was counted from each mouse in every group.
Alcian blue staining. Paraffin-embedded sections were deparaffinized in xylene, rehydrated in ethanol, and brought to distilled water for 5 min. Alcian Blue [AB, 1% in 3% glacial acetic acid (wt/vol) and then filtered] was applied to the sections for 15 min at room temperature, followed by a 2-min wash in running tap water, followed by dehydration (twice in 95% ethanol and twice in 100% ethanol), and they were coverslipped.
Statistical analysis. The statistical analysis between groups for positively stained cells was performed using ANOVA. The cumulative survival days of irradiated mice were analyzed using KaplanMeier survival curve, and statistical significance was determined by log-rank test. A linear mixed model with position as random effect and compound symmetry as the dependence structure between Ki67 and Klf4 counts was used in SAS 9.3 (SAS Institute, Cary, NC) for regression analysis of the correlation between the temporal pattern of Ki67 and Klf4.
RESULTS
Mice with intestinal epithelium-specific deletion of Klf4 have increased mortality following total-body ␥-irradiation. We sought to determine the role of Klf4 in the intestinal epithelium in a mouse model of intestinal ␥-irradiation injury. Both Klf4 fl/fl and Klf4 ⌬IS mice were exposed to a single total-body dose of 12 Gy, and their survival was followed. As shown in Fig. 1A , mice from both groups succumbed to death after ␥-irradiation. However, irradiated Klf4 fl/fl mice survived longer; that is statistically significant compared with irradiated Klf4 ⌬IS mice. This suggests that intestinal Klf4 might play a role in GI syndrome-related survival in response to ␥-irradiation injury.
Morphological changes in the intestinal epithelium of Klf4 fl/fl and Klf4 ⌬IS mice following ␥-irradiation. To assess the morphological changes that may account for the different responses to ␥-irradiation injury, we performed H and E staining on intestinal tissues collected from sham group and irradiated mice at 6, 24, and 96 h postirradiation. There was no distinction in morphology in both Klf4 fl/fl and Klf4 ⌬IS sham groups and at 6 and 24 h postirradiation (Fig. 1B, a-c and  e-g, respectively) . However, at 96 h postirradiation, the intestinal epithelium in both Klf4 fl/fl and Klf4 ⌬IS mice showed areas of normal-looking small intestinal epithelium interspersed with areas of altered morphology, wherein deep-set crypts and shorter villi were seen in lieu of the normal crypt-villus axis (Fig. 1B, d and h, respectively) . This altered morphology phenomenon is described as a regenerative phenotype (39, 45, 64) .
Regenerative response following ␥-irradiation. It has been previously shown that, after radiation injury, a regenerative response in the intestinal epithelium is characterized by increased levels of Ki67 expression around 96 h postirradiation (39, 45) . To determine the extent of regeneration of small intestinal tissues, we performed immunofluorescence staining of Ki67 and Klf4 in Klf4 fl/fl and Klf4 ⌬IS mice in the sham group and at 96 h following ␥-irradiation (Fig. 2) . As shown in Fig.  2A, a and d, Fig. 2A, g and j, respectively, and Fig. 2B ) although the differences were small. Simultaneously, the tissues were costained with an antibody against Klf4 ( Fig. 2A intestinal epithelium, with a few dispersed Klf4-positive cells (that were also Ki67 negative) in the crypt region ( Fig. 2A, b and c). However, after ␥-irradiation, the expression of Klf4 extended far into the crypt regions identified by Ki67-positive staining ( Fig. 2A, h) . Surprisingly, at 96 h postirradiation in Klf4 fl/fl mice, we noticed that many of the cells within the Ki67-positive regenerating crypt-epithelium regions were concurrently stained for Klf4 and Ki67 ( Fig. 2A, i) . We validated our observation by quantifying Klf4-or Ki67-positive cells in Klf4 fl/fl mice in sham and at 96 h postirradiation. As shown in Fig. 3 , in sham there were on average five Klf4-positive cells within the zone of Ki67 expression (Fig. 3 , A and C), and only a small fraction of these cells costained positively for Ki67 marker (Fig. 3D ). On the other hand, at 96 h following ␥-irradiation, the number of Klf4-positive cells within the Ki67 expression zone (Fig. 3 , B and C) as well as the number of cells copositive for Klf4 and Ki67 within the regenerating cryptepithelium unit increased considerably (Fig. 3, B and D) . This observation suggests that Klf4, in contrast to its traditional role under normal conditions, may have a previously unrecognized role in the regenerative response to radiation-induced intestinal injury.
Regression analysis of the temporal pattern of Ki67 and Klf4 showed that, in the analysis of the values of positive cell counts, Klf4 at 96 h on average was 42.66 Ϯ 1.56 higher than at sham (P Ͻ 0.0001). Ki67 at 96 h on average was 27.91 Ϯ 1.56 higher than at sham (P Ͻ 0.0001). The difference in Klf4 between the two time points was 14.75 Ϯ 2.21 higher than the difference in Ki67 between the two time points. When analyzing the values of ratio of the positive cells to total number of cells in crypt, we found that Klf4 at 96 h on average was 0.4562 Ϯ 0.0278 higher than at sham (P Ͻ 0.0001). Ki67 at 96 h on average was 0.0931 Ϯ 0.0278 higher than at sham (P ϭ 0.001). The difference in Klf4 between the two time points was 0.3631 Ϯ 0.0392 higher than the difference in Ki67 between the two time points.
It has been previously shown that the peak of cell-cycle arrest in the intestinal crypt epithelium postirradiation is 24 -48 h and that the cells begin to reenter the cell cycle by 48 -72 h (30, 45) . To determine whether Klf4 expression changes in the crypt epithelium between 24 and 96 h postirradiation, we compared Klf4 staining in Klf4 fl/fl mice in sham and in mice 24, 48, 72, and 96 h postirradiation. Klf4 expression was shown to increase at 24 h, subside to near normal level at 48 h, and then increase progressively up to 96 h (Fig. 4, A-C mice while being at significantly higher levels up to 48 h and then was significantly lower than Klf4 fl/fl mice at the cell-cycle reentry phase at 72 h and up to 96 h (Fig. 5, B, C, and D) .
Deletion of Klf4 from the intestinal epithelium leads to increased apoptosis in the intestinal crypts in response to ␥-irradiation. Because Klf4 is known to have antiapoptotic activity (19), we performed immunofluorescence staining for cleaved caspase-3 (a known effector of the apoptotic pathway) (13) (Fig. 6A, a-b and i-j, respectively) . However, both groups showed increased levels of cleaved caspase-3 at 6, 24, and 96 h following irradiation (Fig. 6A , c-h and k-p, respectively) although significantly higher levels of apoptosis were observed in the crypts of small intestinal epithelium of Klf4 ⌬IS mice compared with Klf4 fl/fl mice (Fig. 6 , B and C) at these time points. This was indicated by considerably higher numbers of cleaved caspase-3-positive epithelial cells along the crypt-villus axis. These data are consistent with our previous in vitro studies indicating that Klf4 has antiapoptotic activity following ␥-irradiation (19) . It is worth mentioning that we did not observe costaining of cleaved caspase-3 and Klf4 in the small intestinal tissues of Klf4 fl/fl and Klf4 ⌬IS mice at any tested time points. Cleaved caspase-3 is a known effector of the p53 apoptotic pathway, and previously we showed that, in vitro, Klf4 inhibits the transactivating function of p53 following ␥-irradiation (19) . To determine whether there is any correlation between Klf4 and p53 in the current in vivo model of ␥-irradiation injury, we performed staining of p53 in the small intestinal epithelium of Klf4 fl/fl and Klf4 ⌬IS mice in sham and at 6, 24, and 96 h postirradiation (Fig. 7, A and B) . Consistent with previous reports (60), nonirradiated mice from both groups had very low to undetectable levels of p53 (Fig. 7A, a-b, and Fig. 7B, a-b,  respectively) , and there was no significant difference in p53 expression in the crypts of the small intestinal epithelium (Fig. 7A, g-h, and Fig. 7, C and D) . In contrast, the number of p53-positive cells in Klf4 ⌬IS mice remained elevated even at 96 h postirradiation (Fig. 7B, g-h, and Fig. 7, C and D) . The significantly increased levels of p53 at 6, 24, and 96 h following ␥-irradiation in Klf4 ⌬IS mice compared with Klf4 fl/fl mice were closely mirrored by the increased levels of apoptosis seen in these mice postirradiation as shown in Fig. 6 .
Deletion of Klf4 from the intestinal epithelium leads to differential regulation of p21 expression in the terminally differentiated intestinal epithelial cells vs. cells in transient amplification zone of the crypt in the response to ␥-irradiation.
The cyclin-dependent kinase inhibitor, p21
Waf1/Cip1/Sdi1 (p21), plays an essential role in p53-mediated growth arrest following DNA damage (6, 8) . After DNA damage, expression of p21 is transcriptionally regulated by the tumor suppressor p53 and by other p53-independent mechanisms (17) . Additionally, we have previously shown that Klf4 mediates the p53-dependent expression of p21 following ␥-irradiation in vitro (19, 63) . Consequently, we sought to determine whether p21 expression in vivo is also dependent on Klf4 following ␥-irradiation (Fig.  8, A and B) . At basal level, both Klf4 fl/fl and Klf4 ⌬IS mice had undetectable p21 level in their intestinal epithelium (Fig. 8A , a-b, and Fig. 8B, a-b, respectively) . At 6 h postirradiation, p21 expression was limited to the crypt region in Klf4 fl/fl (Fig. 8A,  c and d) . Contrary to the previous in vitro finding, p21 was expressed in the crypt cells in the absence of Klf4 in the intestinal epithelium in Klf4 ⌬IS mice (Fig. 8B, c and d) . By 24 h postirradiation, the p21 expression was sustained in the crypt region in both genotypes (Fig. 8A , e-f, and Fig. 8B , e-f, respectively). At 96 h postirradiation, p21-positive cells were detected scattered along the regenerative crypt epithelium in both groups with some regenerative crypts staining negative ⌬IS sham mice (a and b) and mice at 6 (c and d), 24 (e and f), and 96 h (g and h) following ␥-irradiation. p53 is red, and nuclear staining is blue. C: quantification of the number of p53-positive cells in the crypt (region of Ki67 expression) in both mouse groups. D: graph depicting changes in the ratio in the number of p53-positive cells within the crypt in relation to the total number of cells in the crypt (region of Ki67 expression) in both mouse groups following ␥-irradiation. The number of positive p53 cells was averaged from at least 20 crypts per mouse; n ϭ 2, *P Ͻ 0.05, ***P Ͻ 0.001 Ϯ SE.
for p21 in both groups (Fig. 8A, g-h, and Fig. 8B, g-h,  respectively) . A closer examination of the villus-crypt axis in both mouse groups revealed that, whereas in Klf4 fl/fl mice there was absence of p21 expression in the nonproliferating terminally differentiated epithelial cells in the villi at 6 and 24 h postirradiation (Fig. 8A, c-d, and Fig. 8A, e-f 
), Klf4
⌬IS mice had p21-positive staining in the villi region at 24 h postirradiation, albeit weaker than the staining in the crypt region in general (Fig. 8B, c-d and e-f) .
Consistent with previous reports in wild-type mice (60) g and h) following ␥-irradiation. p21 is red, and nuclear staining is blue. B: expression pattern of p21 in Klf4 ⌬IS sham mice (a and b) and at 6 (c and d), 24 (e and f), and 96 h (g and h) following ␥-irradiation. p21 is red, and nuclear staining is blue. C: quantification of the number of p21-positive cells in the crypt (region of Ki67 expression) in both mouse groups. D: graph depicting changes in the ratio in the number of p21-positive cells within the crypt in relation to the total number of cells in the crypt (region of Ki67 expression) in both mouse groups following ␥-irradiation. The number of positive p21 cells was averaged from at least 20 crypts per mouse; n ϭ 2, *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 Ϯ SE.
Klf4
⌬IS mice, quantification of p21-positive cells showed a similar pattern as that observed in Klf4 fl/fl mice, except that there was a significantly higher number of p21-positive cells in the proliferative regions of Klf4 ⌬IS mice from 6 to 96 h postirradiation.
p53 and its downstream effector, p21, have been previously implicated in senescence (33) . Some recent reports show that the p21 activation of senescence is context dependent (3, 47) . In systems where it is involved in promoting senescence, p21 accumulates in senescent cells and has been used as a marker reflecting the activation of p53 pathway in senescence (28) . Activity of endogenous ␤-gal is a commonly used senescence biomarker (7, 9) . To determine whether senescence is induced in intestinal tissue postirradiation, we stained for senescenceassociated ␤-Gal (SA ␤-Gal) activity. No SA ␤-Gal could be detected in sham-irradiated Klf4 fl/fl (Fig. 9A, a, and Fig. 9B ). However, Klf4 ⌬IS mice had detectable basal senescence of about two foci per crypt (Fig. 9A, b, and Fig. 9B) . At 96 h postirradiation, there were some low levels of SA ␤-Gal in Klf4 fl/fl mice (Fig. 9A , c, and Fig. 9B ). In contrast, there was significantly higher ␤-Gal staining in Klf4
⌬IS mice 96 h postirradiation compared with sham Klf4 ⌬IS mice and compared with 96 h Klf4 fl/fl mice (Fig. 9A, d , and Fig. 9B ).
Deletion of Klf4 in the intestinal epithelium is associated with increased intestinal crypt atrophy and absence of p21 expression in the intestinal epithelial cells during late chronic phase after ␥-irradiation.
Because mice started dying around 7 days after total-body irradiation, we examined the intestines of mice at 7-9 days postirradiation. As seen in Fig. 9C , the hyperproliferative crypt architecture seen at 96 h postirradiation ( Fig. 2A, g-i) is no longer observed, and Ki67 staining was limited to normal crypt region with the rare exception of crypts that lacked Ki67 staining (Fig. 9C, a-c) . As observed in Klf4 fl/fl mice, hyperproliferative crypts are not observed anymore in Klf4 ⌬IS mice, and Ki67 staining was limited to normal crypt region (Fig. 9C, d-f) . Notably, compared with Klf4 fl/fl mice, there was a significantly higher frequency of atrophied crypts (marked by absent Ki67 staining) in the intestines of Klf4 ⌬IS mice (Fig. 9C, a-c and d-f, respectively, and Fig. 9D ).
Staining for p53 showed negative staining in both mouse genotypes at 7-9 days postirradiation (Fig. 9E, a-d) . Interestingly, at 7-9 days postirradiation Klf4 fl/fl mice had low-intensity staining for p21 in cells of both the villus and the crypt but no high-intensity staining for p21 observed (Fig. 9F, a and b) . On the contrary, Klf4 ⌬IS mice had no detectable high-or low-intensity staining for p21 at 7-9 days postirradiation (Fig.  9E, c and d) . There was no detectable SA ␤-Gal staining in Klf4 fl/fl or Klf4 ⌬IS mice at 7-9 days postirradiation (data not shown).
To determine what effect Klf4 deletion has on DNA damage repair following irradiation, we stained for phosphorylated histone H2AX (␥H2AX), a marker for DNA breakage. In Klf4 fl/fl mice, there was a low basal number of ␥H2AX-positive cells in sham, peaking at 6 h postirradiation and then subsiding to near normal levels at 24 h and up to 7-9 days postirradiation (Fig. 10A, a-h, and Fig. 10B ). Similar to Klf4 fl/fl mice, Klf4 ⌬IS mice had a low basal number of ␥H2AX-positive cells in sham mice that peaked at 6 h postirradiation to the same level as in Klf4 fl/fl mice (Fig. 10A, i-l, and Fig. 10B ). The number of ␥H2AX-positive cells then subsided at 24 h and up to 7-9 days postirradiation; however, they were maintained at significantly higher numbers compared with Klf4 fl/fl mice (Fig. 10A , m-p, and Fig. 10B ).
Defective Paneth cell lineage allocation during regeneration after ␥-irradiation in mice with intestinal epithelium deletion of Klf4. We have previously shown that Klf4 deletion causes perturbation of both goblet and Paneth cells (20) . To assess whether Klf4 has any role in cell lineage allocation during regeneration postirradiation, we stained for goblet cells and Paneth cells in sham mice and in mice 7-9 days postirradiation. Compared with Klf4 fl/fl sham mice (Fig. 11A, a) , Klf4
⌬IS sham mice had reduced staining for goblet cells (Fig.  11A, b) , consistent with our previous report. However, at 7-9 days postirradiation, there was no significant difference in goblet cell staining between the two groups (Fig. 11A, c and d) . Staining for LBP as a marker for Paneth cells showed that, compared with Klf4 fl/fl sham mice (Fig. 11B, a) , Klf4 ⌬IS sham mice had perturbed Paneth cells localization (Fig. 11B, b) . However, in the regenerative crypt 7-9 days postirradiation, Klf4 fl/fl mice had a significantly higher number of LBP-positive crypts compared with Klf4 ⌬IS mice (Fig. 11B, c and d , respectively, and Fig. 11C ).
DISCUSSION
The mechanisms that regulate the response of the intestinal epithelium upon radiation-induced injury are largely unknown. In the current study, we demonstrate that KLF4 plays an important role in protecting the small intestinal epithelial cells against such injury. KLF4 is expressed in the differentiated villus epithelial cells and plays an essential role in regulating intestinal epithelial homeostasis (20) . Previously, we have also demonstrated that, in vitro, KLF4 has an important function in response to ␥-irradiation injury (19, 62) . To further investigate the in vivo role of KLF4 in response to radiation-induced injury in the intestine, we examined a mouse model with intestine epithelium deletion of Klf4 (Klf4 ⌬IS ). Here, we determined that both Klf4 fl/fl and Klf4 ⌬IS mice were susceptible to a high dose of 12-Gy total-body ␥-irradiation and died within 2 wk of treatment although Klf4 ⌬IS mice had significantly poorer survival compared with Klf4 fl/fl mice (Fig. 1A) . Death upon high doses of irradiation was previously described (23, 26, 27) and is attributed to the long-term deleterious effects of irradiation on the stem cell compartment of the intestinal epithelium because mice exposed to whole-body irradiation still die within 10 days postirradiation even after the radiation-induced hematopoietic syndrome is rescued by bone marrow transplantation (36, 54) .
It has been previously reported that, in the mouse intestine, apoptosis and cell-cycle arrest of epithelial cells are closely followed by a regenerative response after irradiation (39, 45) . Our data show that, by 96 h postirradiation, both Klf4 fl/fl and Klf4 ⌬IS mice exhibited signs of regenerative response in the small intestinal epithelium, as shown by H and E staining and Ki67 expression levels (Figs. 1B and 2 , respectively, and cells within the villous compartment and a few cells in the crypt zone, both of which rarely costained with Ki67 (Fig. 3) . However, at 96 h postirradiation, Klf4 staining extended into the proliferating crypt zone and considerably overlapped with Ki67-positive cells (Fig. 3 ). Also, its expression level in Klf4 fl/fl mice was dynamic in response to irradiation (Fig. 4) , where it mimicked that of Ki67. The close similarity between Klf4 and Ki67 expression dynamics postirradiation in the proliferative regions (Figs. 4 and 5) suggests a potential role for Klf4 in the regenerative crypts. Given the differential proliferative responses between Klf4 fl/fl and Klf4 ⌬IS mice at sham to 48 h and after 48 h up to 96 h (Fig. 5) , and that Klf4 ⌬IS mice still exhibited a regenerative response in the absence of Klf4, albeit with fewer Ki67-positive cells (Fig. 2B) , we propose that, after irradiation, Klf4 might not be responsible for the initiation of the regeneration but instead plays a role in sustaining the regeneration of the small intestinal epithelium.
Previously, we showed that, in colorectal cancer cell lines and mouse embryonic fibroblasts, loss of Klf4 leads to extended apoptosis upon ␥-irradiation treatment (19) . Klf4 exerts its antiapoptotic role by inhibiting the transactivating activity of p53, thus reducing cell death. To validate the role of Klf4 in regulating the p53-dependent apoptotic pathway in vivo, we analyzed small intestinal tissues of Klf4 fl/fl and Klf4 ⌬IS mice following ␥-irradiation with antibodies against cleaved caspase-3 and p53. Whereas there was no difference in the levels of apoptosis between Klf4 fl/fl and Klf4 ⌬IS mice at the baseline level (sham), there was a significant increase in apoptosis in Klf4 ⌬IS mice compared with Klf4 fl/fl mice at 6, 24, and 96 h following ␥-irradiation (Fig. 6 ). These data indicate that Klf4 plays a role in limiting the extent of apoptosis that occurs in intestinal epithelium following irradiation. This is consistent with our previous findings that Klf4 exhibits antiapoptotic activity following ␥-irradiation in vitro (19) . It has been previously established that, in wild-type mice, the levels of p53 increase at 6 and 24 h following ␥-irradiation of 12-Gy-exposed mice compared with nonirradiated mice (40) . We analyzed the expression of p53 in both Klf4 fl/fl and Klf4 ⌬IS mice. Our results show that, after irradiation, the number of p53-positive cells increased at 6 and 24 h in both mouse groups (Fig. 7) , and. in the case of Klf4 ⌬IS , the increased number prevailed until 96 h postirradiation. Furthermore, the levels of p53 were significantly higher in Klf4 ⌬IS than in Klf4 fl/fl mice at all time points following irradiation (Fig. 7, C and D) . p53 has been associated with cell death in the gastrointestinal epithelium by triggering an intrinsic apoptotic pathway (25, 46, 57) as well as via nonapoptotic pathways (26) . Our results show that, in the absence of Klf4, both apoptosis and p53 expression were increased in the small intestinal epithelium following ␥-irradiation, indicating that endogenous Klf4 plays a role in limiting apoptosis. These results are consistent with our previous findings in vitro (19) and other published data indicating p53 involvement in small intestinal epithelial cell death and survival following ␥-irradiation (58) . Our data also suggest that the role of p53 in DNA damage response is limited to the early phase after irradiation. On the basis of our results, Klf4 may play a role in reducing p53-dependent apoptosis in mice following radiation-induced gut injury, and the reason that p53 is lower in Klf4 fl/fl than in Klf4 ⌬IS mice is because Klf4 normally inhibits p53, as shown before (49, 50) .
Following ␥-irradiation, p21 plays an important role in survival, as p21-deficient mice exhibited reduced survival compared with controls (29) . In contrast to our previous finding in vitro (19) , the initiation of p21 expression in the intestinal crypts in the acute postirradiation phase was not dependent on Klf4; instead, it was the dynamics of p21 expression that was affected by Klf4 during the acute and the chronic phases postirradiation (Figs. 8 and 9F ).
In mice with intact Klf4 (Klf4
), p21 was observed to persist in all cells up to 7-9 days postirradiation although seemingly with a lower intensity (Fig. 9F ). Klf4 ⌬IS mice had undetectable p21 by 7-9 days postirradiation. Thus our data suggest that crypt survival during the chronic phase postirradiation (7-9 days) is dependent on both Klf4 and p21 (Fig. 9) . Absence of both in Klf4 ⌬IS mice led to an increased frequency of atrophied crypts (Fig. 9, C and D) . Additionally, the expression of p21 following DNA damage has been shown to be both p53 dependent and p53 independent (2, 10, 11, 16, 34, 59) and to be p53 and Klf4 dependent in vitro (19, 63) . Also, p21 levels have been shown to have a dose-dependent and a cell-cycle dependent effect on the apoptotic or antiapoptotic cell fate (1, 32, 35, 41) . Furthermore, results of DNA-damage repair (Fig.  10 ) strongly support a role for Klf4 in DNA-damage repair response in vivo, consistent with its role in this response that was previously shown in vitro (12, 24) . Our data suggest a plausible model where, in the absence of Klf4 and following DNA damage, p21 could be driving the cell toward apoptosis and senescence, probably attributable to a defect in the DNA repair mechanism in Klf4 ⌬IS mice, as evident by the ␥H2AX staining. While in the presence of Klf4, p21 is driven more toward a cell-cycle arrest and DNA-repair functions during the acute phase following irradiation. In the presence of Klf4, p21 might be the main player for the long-term cell survival postirradiation. Thus, in our model, Klf4 could be the key player in the decision of what role p21 undertakes following DNA damage. However, a limitation of this study is that quantification is based on immunofluorescence (e.g., p53 and p21) and lacks biochemical validation. In our hands, some of the biochemical methods, e.g., Western blotting, proved to be inconclusive. This is possibly due to factors such as 1) nuclear localization and/or modification of the protein such as with p53 and 2) the fact that we are analyzing only a subset of cells, the intestinal crypt epithelium, where the difference in staining between the two groups of mice is, although significant, usually in the range of 5-10 cells, a difference that might not be sufficient to clearly detect by methods such as Western blot.
Several studies have focused on the regeneration of intestinal crypts following high-dose irradiation and the role of intestinal stem cells (ISC) in the regeneration process. To date, two main ISC populations have been identified to take over the mission of repopulating the intestinal crypts and epithelium (42) (43) (44) . One is a slower cycling or quiescent cell population that stains positive for Bmi1 at the ϩ4 position (31, 51, 61) , and the other is the crypt base columnar (CBC) cells that are actively cycling population and stain positive for Lgr5 (4, 5, 31, 61) . Of other markers that have been identified to differentially mark the two populations of ISC, Sox9 has been shown to be uniquely expressed at two different intensities when using reporter system, to differentially mark the CBCs (Sox9-low) vs. ϩ4 cells (Sox9-high) (15, 56) . Also, cross-regulatory interaction between Sox9 and Klf4 in the intestinal epithelium (14) and in colon cancer cells (53) has been reported. Staining for Klf4 in the intestine consistently shows very few Klf4-positive cells in the crypt, and some of them are peculiarly at position ϩ4 (Fig. 4A, b and c) . The identity of these crypt Klf4-positive cells is yet to be determined, in particular those at the ϩ4 position. Because our data demonstrate a critical role for Klf4 in crypt survival postirradiation, we may raise the question of whether the Klf4-positive cells at the ϩ4 position are also marking the Bmi1/Sox9-high ϩ4 cells and whether Klf4 plays a role in maintaining the quiescent state and/or the stemness of these cells under normal conditions and following radiation injury.
Analysis of cell lineage allocation during intestinal epithelium regeneration postirradiation suggests an important role for Klf4 in the survival and/or the regeneration of the Paneth cell lineage (Fig. 11) . Paneth cells have been previously shown to constitute the niche for Lgr5 stem cells in the intestinal crypts (52) , to be relatively resistant to ionizing irradiation (22) , and to play an important role in the regenerative process and remodeling following tissue injury such as chronic inflammation (48) and irradiation (21, 22) . Also, intestinal Lgr5 stem cells have been shown to be relatively more sensitive to irradiation, and they are regenerated from the radiation resistant ϩ4 stem cells (55) . Our results suggest that Klf4 plays a role in Paneth cell survival postirradiation and that the defect in Paneth cell population observed in Klf4 ⌬IS mice postirradiation could likely have a negative effect on the Lgr5 stem cell niche postirradiation and consequently be contributing to the increased crypt atrophy and to the overall decreased survival of Klf4 ⌬IS mice postirradiation. Our current study suggests that the absence of Klf4 from the intestinal epithelium may limit cell-cycle arrest and elevate the rate of apoptotic cell death, resulting in the induction of senescence and increased crypt atrophy following radiationinduced intestinal damage. To further investigate the role of Klf4 in this system, it would be of interest to elucidate the exact mechanism by which Klf4 interacts with p21, how it regulates the p53-dependent apoptotic pathway, how it may regulate the pro-and antiapoptotic functions of p21, and what role, if any, it plays in the ISC survival and the regeneration of the crypt. Even though we have not investigated it in this study, we cannot rule out the role of nonapoptotic cell death and the role that Klf4 might have in it.
Accordingly, we propose a model (Fig. 12) for the role of KLF4 in response to irradiation-induced DNA damage in the intestinal epithelium in vivo compared with our previous finding in vitro (22) . In vitro, p53 is upregulated following irradiation and activates KLF4, which plays a dual function, to induce the expression of p21 leading to cell-cycle arrest and to suppress apoptosis by inactivating p53 expression (Fig. 12A) . However, in the proliferative crypts in vivo (Fig. 12B) , the dependence of Klf4 expression on p53 following irradiation might still occur, while Klf4 may still inhibit apoptosis by suppressing p53 expression. Also, Klf4 might be required but not necessary for regulating the expression of p21 in the intestinal epithelium. Our results suggest that Klf4 might have short-term and long-term roles in the intestinal epithelium following radiation injury. During the short term, Klf4 suppresses apoptosis and proliferation and is involved in DNArepair response. During the long term, Klf4 plays a role in increased crypt survival and surprisingly might have a novel role in proliferation during the regenerative phase of the intestinal epithelium. Upon Klf4 deletion and following irradiation (Fig. 12C) , there is elevated p53 expression and increased apoptosis and proliferation, while DNA repair is suppressed. Also, there is overall reduced crypt survival. Additionally, p21 expression shifts to a Klf4-independent pathway that may be linked to increased senescence.
Taken together, our data show that, in vivo, deletion of intestinal epithelial Klf4 was associated with limited cell-cycle arrest in the first 48 h, increased apoptosis and senescence, high p53, and high-intensity p21 levels following ␥-irradiation. In addition, Klf4 expression was associated with a regenerative response after 48 h, in which the normally quiescent Klf4-expressing cells in unirradiated mice became proliferative at 96 h following irradiation. On the basis of these results, Klf4 may aid in cell survival secondary to irradiation through either its association with DNA repair, reduced cell death, increased regeneration, or all three. Klf4 may also influence cell fate by Fig. 12 . Model comparing the role of Klf4 in vitro (A) and in vivo (B and C) after ␥-irradiation. A: in in vitro models, the expression of KLF4 is activated in a p53-dependent manner after ␥-irradiation that then leads to increased p21 and decreased BAX expression. A net effect is to steer cells away from apoptosis and toward cell-cycle arrest. B: in vivo the interaction between p53, Klf4, and p21 might still hold in the intestinal epithelium following radiation injury; however, Klf4 might be required but not necessary for regulating the expression of p21. Klf4 is proposed to have short-term and a long-term roles in the intestinal epithelium following radiation injury. During the short term (gray boxes), Klf4 suppresses apoptosis and proliferation and is involved in DNA-repair response. During the long term (black boxes), Klf4 plays a role in increased crypt survival and might have a novel role in proliferation during the regenerative phase of the intestinal epithelium. C: in vivo deletion of Klf4 leads in the short term (gray boxes) to elevated p53, increased apoptosis, impaired DNA-damage repair, and unchecked proliferation. The expression of p21 shifts to a Klf4-independent pathway. In the long term (black boxes), p21 might divert crypt-cell fate toward senescence, and there is overall reduced crypt survival.
limiting p53-dependent apoptosis in lieu of cell-cycle arrest through the protein p21 and/or by modulating the stem cell niche in the crypt by promoting Paneth cell survival. Detailed biochemical studies are necessary to establish the exact role of Klf4 in p53-independent apoptosis, nonapoptotic cell death, and crypt survival. Furthermore, the mechanism by which Klf4 mediates the proliferative and regenerative response merits further investigation.
